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Abstract 14 
Scientific knowledge, societal debates, and industry commitments around sustainable cocoa are 15 
increasing. Cocoa agroforestry systems are supposed to improve the sustainability of cocoa 16 
production. However, their combined agronomic, ecological, and socio-economic performance 17 
compared to monocultures is still largely unknown. Here we present a meta-analysis of 52 18 
articles that directly compared cocoa agroforestry systems and monocultures. Using an 19 
inductive, multi-dimensional approach, we analyzed the differences in cocoa and total system 20 
yield, economic performance, soil chemical and physical properties, incidence of pests and 21 
diseases, potential for climate change mitigation and adaptation, and biodiversity conservation. 22 
Cocoa agroforestry systems outcompeted monocultures in most indicators. Cocoa yields in 23 
agroforestry systems were 25% lower than in monocultures, but total system yields were about 24 
10 times higher, contributing to food security and diversified incomes. This finding was 25 
supported by a similar profitability of both production systems. Cocoa agroforestry contributed 26 
to climate change mitigation by storing 2.5 times more carbon and to adaptation by lowering 27 
mean temperatures and buffering temperature extremes. We found no significant differences in 28 
relation to the main soil parameters. The effect of the type of production system on disease 29 
incidence depended on the fungal species. The few available studies comparing biodiversity 30 
showed a higher biodiversity in cocoa agroforestry systems. Increased and specific knowledge 31 
on local tree selections and local socio-economic and environmental conditions, as well as 32 
building and enabling alternative markets for agroforestry products, could contribute to further 33 
adoption and sustainability of cocoa agroforestry systems. 34 
Keywords 35 
Economic performance; system yield; pests and diseases; biodiversity; sustainability; Theobroma 36 
cacao 37 
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 38 
 39 
1. Introduction 40 
 41 
Cocoa is an important commodity worldwide. In 2018, up to 5.3 million metric tons of dry cocoa 42 
beans were produced on about 12 million hectares [1], mostly by smallholders [2]. The 2018 43 
market value of processed cocoa was estimated at USD 13.4 billion [3]. The increasing global 44 
demand for cocoa has led to intensification of cocoa production systems. Consequently, 45 
cultivation of cocoa under tree shade is gradually being replaced with full-sun monocultures and 46 
the use of agrochemicals [4-6]. Monocultures are often reported to have higher cocoa yields 47 
than agroforestry systems, but they cause adverse social-ecological impacts [7, 8]. In many 48 
areas, intensified cocoa production has led to deforestation, biodiversity loss, increased carbon 49 
emissions, reduction of energy efficiency, soil degradation, and contamination from pesticides 50 
[9, 10] as well as to socio-economic problems such as food insecurity and vulnerability to cocoa 51 
price volatilities [11]. Unsustainable exploitation of natural resources can lead to environmental 52 
disasters and social conflicts [12], while crop diversification strategies aim to reduce 53 
environmental impacts [13]. Therefore, farmers’ livelihoods, including both profitability and 54 
food security, need to be considered together with other sustainability indicators of cocoa 55 
production systems such as biodiversity conservation, climate change mitigation and 56 
adaptation, and soil fertility. 57 
Increasing yields while reducing costs is one of the main targets of the cocoa industry. Producers 58 
need to make a living from cocoa as a cash crop, and are often circumspect of cocoa 59 
agroforestry systems due to the likelihood of increased costs of labor and inputs. Lack of 60 
knowledge on the management of shade and fruit trees, access to planting material or tools, 61 
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and market constraints are some of the reasons that prevent a broader adoption of agroforestry 62 
systems [14]. However, the growing social awareness of cocoa’s social-ecological impacts is 63 
putting pressure on the cocoa value chain to source from sustainable production systems that 64 
minimize deforestation, biodiversity degradation and child labor, and allow farmers to earn a 65 
living income. The sustainability commitments of some of the largest chocolate companies 66 
indicate the need and willingness of the processing industry to invest in the sustainability of the 67 
cocoa value chains [15, 16]. Agroforestry systems, which grow timber, fruit and other trees 68 
together with cocoa trees, have the potential to increase the sustainability of cocoa production. 69 
Trees on agricultural land play a crucial role in a context of climate change through carbon 70 
sequestration in biomass and soils [8, 13], as well as in adapting to climate change [7, 17] by 71 
buffering climatic extremes and blocking direct radiation [7, 18]. Agroforestry systems can 72 
provide a variety of habitats and microclimates that support biodiversity conservation [19-21]. 73 
Both microclimate and biodiversity can regulate the incidence of pests and diseases [22, 23]. 74 
Trees may improve the functional diversity, nutrient cycling, and soil chemical and physical 75 
properties of cocoa production systems [17]. Furthermore, trees can provide additional 76 
economic return, e.g. from fruit or timber [24], and increase local food security [5, 25]. In the 77 
long-term, cocoa agroforestry systems may even provide higher cocoa yields than monocultures 78 
due to an observed early aging of unshaded cocoa trees [26, 27]. 79 
Although many studies describe the benefits of cocoa agroforestry systems, a quantitative 80 
consolidation of the benefits and drawbacks of cocoa agroforestry systems in direct comparison 81 
with cocoa monocultures is lacking. De Beenhouwer et al. [28] compared studies on cocoa and 82 
coffee agroforestry systems with natural forest and plantations with sparse shade trees, but full-83 
sun monocultures were not included. Therefore, our aim was to conduct a meta-analysis on the 84 
performance of cocoa agroforestry systems compared to monocultures, including the most 85 
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studied key indicators, i.e., yield, economic performance, soil fertility, pests and diseases, 86 
carbon sequestration, microclimate, and biodiversity conservation. In particular, we addressed 87 
the questions whether 1) cocoa agroforestry systems increase productivity; 2) cocoa 88 
agroforestry systems sustain farmers’ incomes; 3) cocoa agroforestry systems improve soil 89 
chemical and physical properties for cocoa production; 4) cocoa agroforestry systems enhance 90 
the control of pests and diseases; 5) cocoa agroforestry systems support the adaptation of 91 
cocoa plantations to climate change, 6) cocoa agroforestry systems contribute to climate change 92 
mitigation; and 7) cocoa agroforestry systems contribute to biodiversity conservation in 93 
comparison to cocoa monocultures. 94 
2. Methodology 95 
 96 
2.1 Literature selection 97 
We gathered scientific peer-reviewed articles from Web of Science in February 2020 by 98 
searching with the keyword combinations “(TS = (cacao OR cocoa) AND agroforest*)” and “(TS = 99 
(cacao OR cocoa) AND *shade*)”, where TS refers to topics mentioned in the title and abstract 100 
of the articles. In this meta-analysis, we focused on peer-reviewed articles in English. We 101 
discarded articles that did not report information or results related to the production system. 102 
We completed the database with already collected publications about cocoa agroforestry 103 
systems drawn from our own libraries (66 articles). This resulted in a total number of 542 104 
articles on cocoa production systems. Figures S3 and S4 (SI Appendix) provide, respectively, an 105 
overview of the articles by country and year. We screened all articles for their suitability to be 106 
included in the meta-analysis. We excluded 28 articles that were not reporting original data 107 
(meta-analyses and reviews), nine articles that were based on modelling, and two studies on 108 
cocoa grown below a shade roof instead of a natural tree canopy. A large number of articles 109 
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(420) were not included because they did not compare cocoa agroforestry systems with cocoa 110 
monocultures. 21 articles that compared cocoa agroforestry systems with monocultures were 111 
excluded due to a lack of information (on sample size, means or standard deviations) or covered 112 
topics that were not included in this meta-analysis. Six more studies did not provide quantitative 113 
data, and four studies were not accessible. Finally, we analyzed 52 articles presenting results 114 
from cocoa farms or experimental stations (SI Appendix, Table S1). The research presented in 115 
these articles covers three continents and ten countries, i.e. Ghana (20), Cameroon (2), Ivory 116 
Coast (1), Indonesia (8), Malaysia (2), Costa Rica (1), Panama (1), Ecuador (3), Peru (1) and 117 
Bolivia (13). Ivory Coast, the world’s leading cocoa producing country, is represented with only 118 
one article, due to very few studies published in English, compared to the high amount of 119 
research done in Ghana by the Cocobod, national and international institutions (SI Appendix, 120 
Figure S4). In contrast, many data come from the rather small cocoa producing country Bolivia 121 
due to the existence of a long-term field trial comparing different cocoa production systems. 122 
The first article comparing cocoa agroforestry systems with cocoa monocultures was published 123 
in 1968, but 70 % of the articles included were published after 2010. 124 
2.2 Limitations of the study 125 
The restriction of our analysis to studies published in English may have led to the exclusion of 126 
important research in other languages. However, to the best of our knowledge, a scientific 127 
database for non-English publications comparable to Web of Science does not exist at present, 128 
impeding a systematic search for peer-reviewed publications. The qualitative studies excluded 129 
from our meta-analysis addressed aspects such as livelihoods, cultural and social services, and 130 
political issues. These topics are therefore underrepresented in our study. Due to their high 131 
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relevance for the performance of cocoa production systems, they should be covered in future 132 
analyses. 133 
It became evident from our literature search that a clear definition of cocoa agroforestry 134 
systems does not exist and that cocoa agroforestry systems span across a wide range of designs 135 
and management activities (SI Appendix, Table S2). This variation has to do with differences in 136 
ecosystems, planting material (selection of and access to tree species and cocoa varieties), 137 
farmers and their culture, local knowledge, market conditions, access to information and tools, 138 
soil and climatic conditions, landscapes and land-use histories. The aim of our study was to 139 
compare cocoa agroforestry systems with cocoa monocultures, while aware of the 140 
heterogeneity of cocoa agroforestry systems; we assumed that even a simple cocoa agroforestry 141 
system could affect the analyzed factors and reveal a difference with cocoa monocultures [7]. In 142 
addition, cocoa monocultures also vary due to environmental conditions, management 143 
practices, and the selection of cocoa varieties. However, not all the articles provided detailed 144 
information on these aspects. Therefore, Table S2 (SI Appendix) presents an overview not of the 145 
detailed circumstances under which cocoa was produced in the plots or farms analyzed in each 146 
study, but of the range of conditions reported in the studies. 147 
2.3 Data processing 148 
The selected studies contained 144 pair comparisons of cocoa agroforestry systems with cocoa 149 
monocultures. We extracted all qualitative data from tables and texts, manually, and from 150 
graphs, using the software Graph Grabber 2.0, Quintessa Limited. Some articles compared one 151 
cocoa monoculture with two or more cocoa agroforestry systems, indicating that data pairs 152 
were not independent. To avoid overestimation by artificial repetition of the monoculture, we 153 
combined the data of the cocoa agroforestry systems [29] and compared the cocoa 154 
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monoculture with the mean across cocoa agroforestry systems as one data pair [30, 31]. By 155 
doing so, we reduced the number of data pairs from 144 to 93. We grouped the data into eight 156 
main categories: 1) yield (cocoa yield and total system yield); 2) economic performance (costs, 157 
revenue, net present value); 3) soil chemical properties (total soil carbon, nitrogen, 158 
phosphorous, potassium, soil organic carbon); 4) soil physical properties (bulk density, 159 
volumetric water content, mean weight diameter); 5) pests and diseases; 6) biomass of cocoa 160 
and shade trees (basal area and carbon stocks of the cocoa trees and the production system); 7) 161 
microclimate (mean, maximum and minimum temperature, relative humidity, vapor pressure 162 
deficit of the air); and 8) biodiversity (wildlife animal species and herbaceous plant species).  163 
We calculated cocoa yield as kilograms of dry beans per hectare and year. Where only fresh 164 
weight data were provided, we converted them into dry bean weight by applying a dry bean 165 
factor of 0.35 [5]. We converted soil organic matter into soil organic carbon by dividing the 166 
former by the conversion factor 1.72 [31]. We determined total carbon stocks as the sum of the 167 
aboveground and belowground carbon of cocoa trees, shade trees, and the system (sum of 168 
cocoa trees and shade trees). When the biomass was given instead of the carbon content, we 169 
converted it into carbon stocks by multiplying the biomass by the conversion factor 0.5 [32]. 170 
When only aboveground biomass (AGB) or belowground biomass were provided, we calculated 171 
the counterpart from the given data by assuming that AGB corresponds to 87% of total biomass 172 
[33]. When only the stem diameter or basal area were given, we calculated the AGB using 173 
allometric equations for cocoa trees [34]: log10(AGB)=(-1.625+2.63*log10(diameter)), and shade 174 
trees [35]: log10(AGB)=(-0.834+2.223*(log10(diameter)). We calculated all economic data in USD 175 
per hectare and year. Other currencies were converted to USD using a mean exchange rate for 176 
the specific year of data collection given in the article. 177 
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2.4 Statistical analyses 178 
We used Hedge’s g as the effect size of our meta-analysis, which is based on the raw mean 179 
difference between the mean of the cocoa agroforestry system and the mean of the cocoa 180 
monoculture (the grand mean from the random effects [RE] model), standardized by the pooled 181 
standard deviation (SD) across both production systems, and the sample size (n) of the single 182 
data pair comparisons. When the SD was not provided and could not be calculated from the 183 
data (i.e., from the standard error and the number of repetitions), we reassigned it as 1/10 of 184 
the mean [31]. We conducted all analyses with the metafor package [36] of the R programming 185 
environment, version 3.5.3 [37]. For the map (SI Appendix, Figure S4), we used the mapproj 186 
package [38], and for the graphs, the ggplot2 package [39]. 187 
 188 
 189 
3. Results and Discussion 190 
 191 
3.1 Can cocoa agroforestry systems increase productivity? 192 
Cocoa yield in agroforestry systems is on average 75% of the cocoa production in monocultures 193 
(Figure 1, Table 1). Several studies reported a negative effect of increasing shade levels on cocoa 194 
yield [7, 19, 40, 41]. Cocoa tree development in agroforestry systems can be slower compared to 195 
monocultures [5], which could be one of the main reasons for the often rather negative 196 
perception of farmers regarding the production of cocoa under shade [42]. However, long-term 197 
studies concluded that the short-term reduction of cocoa production under agroforestry is 198 
compensated by the longer productive lifetime of cocoa trees grown under shade [43, 26]. Also 199 
the longevity of the cocoa leaves is reduced under high solar radiation [44], which may indicate 200 
a negative effect of direct solar radiation on the whole tree. The cocoa agroforestry system and 201 
the cocoa monoculture compared within the data pairs had similar ages. This is important since 202 
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the effect of the tree age on cocoa yield has been reported [27]. The plantations analyzed 203 
ranged from four to 50 years, but the majority of the research was conducted in plantations up 204 
to 25 years. Data on the performance of old cocoa agroforestry systems compared to old cocoa 205 
monocultures are still scarce and often rely rather on modelling approaches than on field data 206 
[26]. 207 
Table 1. Mean values and standard deviations (SD) for a) yield; b) economic performance; c) soil 208 
chemical properties; d) soil physical properties; e) pests and diseases; f) microclimate; g) stand 209 
structural parameters in cocoa agroforestry systems and cocoa monocultures. N indicates the 210 
number of studies; levels of significance: *** p < 0.001, ** p < 0.01, * p < 0.05, n.s.: not 211 
significant. 212 
   Cocoa agroforestry 
system 
Cocoa 
monoculture 
 
Group Variable Unit Mean  SD  Mean  SD  N  
Yield  
 Cocoa yield Mg ha-1  0.6 ± 0.4 0.9 ± 0.7 36 *** 
 System yield  Mg ha-1 9.8 ± 9.2 0.6 ± 0.4 8 * 
Economic performance        
 Costs  USD ha-1 a-1  571.5 ± 322.8 652.9 ± 464.4 7 n.s. 
 System revenue  USD ha-1 a-1 1094.3 ± 594.7 1299.7 ± 905.9 8 n.s. 
 Net present value  USD ha-1  998.8 ± 736.8 1108.9 ± 729.7 4 n.s. 
Soil chemical properties        
 Soil C  % 14.5 ± 2.4 13.8 ± 2.3 20 n.s. 
 Soil N  % 1.8 ± 0.7 1.7 ± 0.6 22 n.s. 
 Soil available P mg kg-1 13.7 ± 14.2 17.2 ± 16.9 9 n.s. 
 Soil available K g kg-1 0.1 ± 0.1  0.1 ± 0.1 10 n.s. 
 Soil organic carbon  %  1.7 ± 0.5  1.7 ± 0.5 8 n.s. 
 pH   6.3 ± 0.4 6.4 ± 0.5 6 * 
Soil physical properties        
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 Mean weight diameter mm  1.0 ± 0.4 0.9 ± 0.2 10 n.s. 
 Bulk density  g cm3  1.3 ± 0.3 1.4 ± 0.2 4 * 
 Volumetric water 
content  
%  20.1 ± 5.4 21.8 ± 5.7 6 ** 
Fungal diseases  
 Frosty pod rot  % 28.8 ± 24.5 21.2 ± 16 4 n.s. 
 Black pod  % 3.4 ± 2.2 3.0 ± 2.0 5 * 
 Witches’ broom  % 1.9 ± 1.4 3.7 ± 2.4 5 * 
Microclimate  
 Maximum temperature °C  32.4 ± 2.5 34.7 ± 3.3 8 * 
 Mean temperature °C  18.6 ± 3.1 17.9 ± 3.4 8 *** 
 Minimum temperature °C  24.7 ± 1.8 25.0 ± 1.8 8 * 
 Mean relative humidity %  81.5 ± 16.5 80.5 ± 15.6 3 n.s. 
 Vapor pressure deficit kPa  1.1 ± 0.7 1.3 ± 0.8 4 n.s. 
Stand structural parameters        
 Basal area cocoa trees m2 ha-1  7.7 ± 2.9 9.4 ± 3.2 22 *** 
 Basal area shade trees m2 ha-1 10.2 ± 2.2 0.2 ± 0.4 4 *** 
 Total C in cocoa trees Mg ha-1  9.5 ± 6.3 13.2 ± 6.9 30 *** 
 Total C in shade trees Mg ha-1 24.7 ± 26.3 1.0 ± 4.6 27 *** 
 Total C in system Mg ha-1 37.0 ± 28.9 14.2 ± 9.0 30 *** 
 213 
Considering all crops harvested, production in cocoa agroforestry systems amounts to 214 
9.8 ± 9.2 Mg ha-1 a-1, which is about 10 times higher than production in cocoa monocultures 215 
(Figure 1, Table 1).  The lower system yield obtained in cocoa monocultures compared to cocoa 216 
yield in monocultures (0.6 vs 0.9 Mg ha-1) is related to different studies included as well as the 217 
number of pair comparisons, i.e., we calculated the mean yield of only eight data pairs for 218 
system yield, while cocoa yield is calculated from 36 data pairs. Kuyah et al. [45] obtained similar 219 
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results for other types of agroforestry systems, pointing to their potential to produce food, 220 
which improves food security of farming families [5, 25]. Production diversity also reduces 221 
dependency on one single crop and, consequently, fluctuations in prices and demand [46]. The 222 
high variability of system yields reported might be explained by the wide range of crops that can 223 
be grown in cocoa agroforestry systems (SI Appendix, Table S1). Besides the production, the 224 
commercialization of fruits can be difficult due to reduced market access or local acceptance. 225 
Banana and plantain are common products in cocoa agroforestry systems [47, 5], since they are 226 
also used for protecting the cocoa trees from direct light during the establishment phase. They 227 
produce in high quantities and may be distributed locally since they are staple crops in many 228 
regions and commonly consumed. Tuber crops like turmeric and ginger need specialized 229 
markets or export options, and uncommon fruits like araza (Eugenia stipitata) cannot be 230 
transported or stored easily to reach their market [48]. 231 
 232 
Figure 1. Mean difference of cocoa and total system yields in agroforestry systems compared 233 
with monocultures. The number of studies is shown in brackets; the horizontal bar shows the 234 
95% confidence intervals; negative values indicate a higher mean value in monocultures; 235 
positive values indicate a higher mean value in cocoa agroforestry systems; levels of 236 
significance: *** p < 0.001, ** p < 0.01, * p < 0.05, n.s.: not significant. 237 
 238 
3.2 Can cocoa agroforestry systems sustain farmers’ incomes?  239 
Even though the total system production is higher in cocoa agroforestry systems, this is not 240 
reflected in higher revenues or net present values, neither is it in the costs (Figure 2). Cocoa, a 241 
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commodity produced mainly for export, normally reaches higher prices than its by-crops, which 242 
are mainly sold in local markets, or consumed on-farm and do not contribute to farmer’s income 243 
[49]. The economic performance of the production systems depends on the level of 244 
management of the plantation and on labor costs, with cocoa agroforestry systems tending to 245 
have higher labor demands [24]. In the case of cocoa agroforestry systems, it also depends on 246 
the planting design and  selection of shade tree species [47]. Timber trees increase the net 247 
present value of cocoa agroforestry systems [47]. However, their value is not always considered 248 
a future benefit for farmers, due to insecure land and tree tenure and the risk of fires [42]. The 249 
wide range of management intensities in the production systems in the different studies is likely 250 
responsible for the variation in the mean differences of the economic variables analyzed 251 
between cocoa agroforestry systems and monocultures (SI Appendix, Figure S1). The total costs 252 
in organically managed cocoa production systems included the certification costs [24], while 253 
another study included the costs for renting the land [26]. The net present value depends not 254 
only on the planting design, but also on the plantation age and the timeframe that was used for 255 
the calculation, e.g. a 20-year production cycle [50], or a 12-year net income flow [47]. 256 
 The lack of a clear effect of the type of production system on variables of the economic 257 
performance indicates that, despite their lower cocoa production, agroforestry systems can be 258 
economically as viable as monocultures. 259 
 260 
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Figure 2. Mean difference in the economic performance of cocoa agroforestry systems compared 261 
with monocultures. The number of studies is shown in brackets; the horizontal bars show the 262 
95% confidence intervals; negative values indicate a higher mean value in monocultures; 263 
positive values indicate a higher mean value in cocoa agroforestry systems; levels of 264 
significance: *** p < 0.001, ** p < 0.01, * p < 0.05, n.s.: not significant. 265 
 266 
3.3 Do cocoa agroforestry systems improve soil chemical and physical properties for cocoa 267 
production?  268 
We found no significant differences in soil chemical properties between production systems, 269 
with the exception of higher soil pH values in monocultures (Figure 3a, Table 1). Thus, our 270 
results do not indicate a positive impact of cocoa agroforestry on soil fertility. However, we 271 
observed substantial differences between studies. For instance, studies sampling around single 272 
shade trees found positive effects on soil chemical properties [51-53]. Positive effects on soil 273 
chemical parameters could likely be achieved if the biomass resulting from pruning the shade 274 
trees were distributed across the plantation [54]. Still, shade trees are not usually pruned and 275 
distributing the biomass can be highly labor-intensive. Tree selection can ultimately influence 276 
soil chemical properties [51, 53]. Better knowledge on shade tree properties is thus important 277 
for an optimal tree selection. Finally, contrasting results between studies may also be related to 278 
different soil type, plantation age and land-use history [55], which might affect the influence of 279 
agroforestry trees on the soil [56], e.g. Mohammed et al. [57] described a slight increase in SOC 280 
with the age of the cocoa agroforestry system and a decline in monocultures. 281 
Soils in cocoa agroforestry systems have a significantly lower volumetric water content than in 282 
monocultures (Figure 3b, Table 1). This may result in competition for water between cocoa and 283 
shade trees. However, this potentially negative effect of shade trees will only become critical if 284 
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shade trees are planted at very high densities [7], or in regions with an annual precipitation that 285 
is close to the limit for cocoa production [33, 58]. This needs to be further investigated and 286 
carefully considered in relation to future scenarios of decreasing or changing water availability 287 
patterns due to climate change [59]. Potential competition for water may be reduced by 288 
selecting shade tree species with rooting patterns complementary to that of cocoa trees [17, 60, 289 
61]. However, the information available on this aspect, though crucial for providing 290 
recommendations on tree species selection and planting patterns, is still very limited. 291 
 292 
Figure 3. Mean difference in the a) soil chemical properties and b) soil physical properties of 293 
cocoa agroforestry systems compared with monocultures. The number of studies is shown in 294 
brackets; horizontal bars show the 95% confidence intervals; negative values indicate a higher 295 
mean value in monocultures; positive values indicate a higher mean value in cocoa agroforestry 296 
systems; levels of significance: *** p < 0.001, ** p < 0.01, * p < 0.05, n.s.: not significant. 297 
 298 
3.4 Do cocoa agroforestry systems enhance the control of pests and diseases? 299 
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Pests and diseases, and particularly fungal diseases, are a major threat to cocoa production. The 300 
analysis of disease control in the different systems results in contrasting findings: frosty pod rot 301 
(Moniliophthora roreri) is not affected by the production system, while the incidences of black 302 
pod (Phytophthora spp.) and witches’ broom (Moniliophthora perniciosa) are respectively higher 303 
and lower in cocoa agroforestry systems than in cocoa monocultures (Figure 4, Table 1). These 304 
findings are in line with previous studies showing the complex effects of shade trees on the 305 
incidence of pests and diseases [7, 22, 62]. Influencing factors include: the management of the 306 
system (e.g., pruning, fertilization, weeding) [63]; the specific pest and disease management 307 
strategy (e.g. cultural, chemical or biological control) [62, 63]; the specific characteristics of the 308 
pest or disease considered [30]; and the particular microclimatic conditions, which highly 309 
depend on the structural complexity of the cocoa agroforestry system [18]. In cocoa 310 
agroforestry systems, reduced light availability and wind speed, buffered temperatures and 311 
increased relative humidity compared to monocultures [18] may stimulate sporulation of 312 
diseases such as black pod, but also favor the presence of antagonists, e.g. for witches’ broom 313 
[22, 64]. The broad variance of the incidence of frosty pod rot in our analysis is not only related 314 
to cocoa production systems, but also to general differences in the infestation rate. Up to 63 % 315 
infected fruits were counted by Krauss and Soberanis [62] compared to a relatively low 316 
infestation rate around 10 % by Armengot et al. [63] which was explained by regular elimination 317 
of affected fruits before sporulation rather than application of fungicides. The single data pair 318 
comparison of a broader range of pests and diseases (including cocoa swollen shoot virus 319 
disease, leaf herbivory, vascular streak dieback), as well as of the total yield loss and total 320 
infestation, showed contrasting results, too. This resulted in no significant difference in the 321 
incidence of pests and diseases between cocoa agroforestry systems and cocoa monocultures 322 
according to the grand mean difference over all data pairs (SI Appendix, Figure S2). 323 
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The results do not completely support the above-mentioned regulating effects of cocoa 324 
agroforestry systems. However, they show that cocoa agroforestry systems compared with 325 
cocoa monocultures are not prone to pests and diseases, contrary to widespread perceptions.  326 
 327 
Figure 4. Mean difference in the incidence of three fungal diseases in cocoa agroforestry systems 328 
and monocultures. The number of studies is shown in brackets; horizontal bars show the 95% 329 
confidence intervals; negative values indicate a higher mean value in monocultures; positive 330 
values indicate a higher mean value in cocoa agroforestry systems; levels of significance: *** p < 331 
0.001, ** p < 0.01, * p < 0.05, n.s.: not significant. 332 
 333 
3.5 Do cocoa agroforestry systems support adaptation of cocoa plantations to climate change? 334 
In cocoa agroforestry systems, solar radiation is reduced by the canopy of shade trees [18], 335 
which provides a more stable microclimate: the mean temperature remains lower and the daily 336 
maximum and minimum temperatures are buffered compared to what happens in 337 
monocultures (Figure 5, Table 1). Cocoa agroforestry systems, therefore, have the potential to 338 
reduce the impact of rising mean temperatures and temperature extremes predicted for 339 
producer countries [59, 65]. Consequently, they are more resilient to climate change and 340 
provide more comfortable working conditions (shade and lower temperatures) than full-sun 341 
monocultures [46, 66]. 342 
The mean relative humidity of the air and the vapor pressure deficit do not differ between 343 
cocoa agroforestry systems and cocoa monocultures (Figure 5). Some studies show that the 344 
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difference in relative humidity is pronounced during the wet season, and smaller during the dry 345 
season [7]. In addition, canopy closure and stratification of cocoa agroforestry systems affect 346 
internal relative humidity [18]. Tall trees may allow more aeration below their canopy than 347 
dense tree crowns close to the cocoa canopy. Tree species selection and planting density are 348 
therefore important for shading intensity and microclimatic conditions. The actual radiation 349 
reaching cocoa agroforestry systems—which depends on location-specific factors like latitude, 350 
altitude, cloudiness, slope exposure and surrounding shading forests—needs to be considered 351 
for the selection of the shade trees [67]. It is important to highlight that microclimatic variables 352 
can be influenced and adapted to seasonal needs of cocoa tree plantations by managing shade 353 
intensity through regular shade tree pruning [18]. 354 
 355 
Figure 5. Mean difference in microclimatic variables between cocoa agroforestry systems and 356 
monocultures. The number of studies is shown in brackets; horizontal bars show the 95% 357 
confidence intervals; negative values indicate a higher mean value in monocultures; positive 358 
values indicate a higher mean value in cocoa agroforestry systems; levels of significance: *** p < 359 
0.001, ** p < 0.01, * p < 0.05, n.s.: not significant. 360 
 361 
3.6 Do cocoa agroforestry systems contribute to climate change mitigation?  362 
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Cocoa trees tend to store more carbon when growing in monocultures, since they are bigger 363 
and often planted at higher densities than in agroforestry systems, as reflected in the higher 364 
basal area (Figure 6, Table 1). Shade trees are often planted at low densities, but, since they 365 
usually have larger stem diameters and grow high above the cocoa trees, they account for most 366 
of the basal area [18] and for 66% of the carbon stored in the system (Figure 6, Table 1). The 367 
total carbon (aboveground and root biomass) stored in an agroforestry system, including both 368 
the cocoa and the shade trees, is, on average, 2.5 times higher than in a monoculture (Figure 6, 369 
Table 1). Thus, cocoa agroforestry systems have greater potential for climate change mitigation 370 
than cocoa monocultures due to a higher carbon sequestration potential. Carbon payments are 371 
often mentioned as a potential incentive for farmers to plant trees. However, widely accessible 372 
systems directing these payments to cocoa producers are rarely found, and the payments tend 373 
to be too low to incentivize the planting of shade trees [68]. 374 
 375 
 376 
Figure 6. Mean difference in stand structural parameters between cocoa agroforestry systems 377 
and monocultures. The number of studies is shown in brackets; horizontal bars show the 95% 378 
confidence intervals; negative values indicate a higher mean value in monocultures; positive 379 
values indicate a higher mean value in cocoa agroforestry systems; levels of significance: *** p < 380 
0.001, ** p < 0.01, * p < 0.05, n.s.: not significant; Total C: carbon stock of aboveground and root 381 
biomass. 382 
 383 
3.7 Do cocoa agroforestry systems contribute to biodiversity conservation? 384 
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Only five articles directly compare the species richness of five animal groups [7, 46, 69, 70, 71] in 385 
cocoa agroforestry systems and monocultures. Therefore, we prefer to show the results for each 386 
taxon and study rather than only the mean difference. The mean difference in the grand mean 387 
over all animal taxa (RE Model) between cocoa agroforestry systems and cocoa monocultures 388 
shows a significantly higher number of species in agroforestry systems (Figure 7a). This positive 389 
effect of shade trees on biodiversity is consistent with other studies that have investigated the 390 
value of cocoa agroforests for the conservation of biodiversity [19, 72-74]. The effect of shade 391 
on animal biodiversity depends amongst others on the taxa under consideration [73], but also 392 
on the management, diversity, and complexity of the particular cocoa agroforestry system [75]. 393 
Agroforestry systems have also been reported to provide habitat for functionally more diverse 394 
species communities because they are structurally more complex and diverse than 395 
monocultures [5, 20, 76] (SI Appendix, Table S1).  396 
The scarcity of available data on the diversity of herbaceous species in cocoa agroforestry 397 
systems and cocoa monocultures (two data pair analyses from only one publication [21]) 398 
prevents us from generalizing the results by calculating the grand mean difference (RE Model) 399 
(Figure 7b). However, the data imply that the effect on herbaceous species richness might 400 
depend heavily on farm management practices, e.g., use of agrochemicals or cover crops, 401 
availability of light, and weeding interventions [20, 21]. 402 
 403 
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 404 
Figure 7. Comparison of a) animal and b) herbaceous species richness in cocoa agroforestry 405 
systems and monocultures shown by single studies and the mean difference between studies 406 
(RE Model). Horizontal bars show the 95% confidence intervals; negative values indicate a 407 
higher mean value in monocultures; positive values indicate a higher mean value in cocoa 408 
agroforestry systems. 409 
 410 
 411 
4. Conclusions 412 
 413 
This meta-analysis indicates that cocoa agroforestry systems have the potential to compete with 414 
cocoa monocultures in terms of economic performance, and to outperform them in crucial 415 
system services such as adaptation to climate change and carbon sequestration, as well as in 416 
total system yields. With only five articles on biodiversity conservation in cocoa agroforestry 417 
systems and cocoa monocultures, and six on the incidence of pests and diseases, we identified a 418 
knowledge gap for these two topics in cocoa production. Although this prevents us from 419 
generalizing the results, it is possible to infer that cocoa agroforestry systems tend to have a 420 
similar or even better performance than monocultures in most of the evaluated parameters.  421 
Our results underline the need for promoting cocoa agroforestry systems to improve the 422 
sustainability of the cocoa sector. Despite all the above-mentioned benefits of cocoa 423 
agroforestry systems, the lower cocoa yield might still be one of the most relevant factors 424 
hindering a broader adoption of diversified production systems. In this sense, further research 425 
focused on increasing cocoa yields in agroforestry systems is crucial, e.g., breeding for shade 426 
tolerant varieties or adapted management practices to increase pollination rates. However, for 427 
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promoting cocoa agroforestry systems, building and enabling access to new alternative markets 428 
and value chains for agroforestry products is also crucial, as is compensating farmers for cocoa 429 
yield reductions through fair prices for sustainable cocoa production or carbon storage. The 430 
promotion and support of cocoa agroforestry systems by the cocoa industry can therefore 431 
contribute to meeting its sustainability goals.  432 
The high heterogeneity and wide range of climatic and edaphic conditions, management 433 
strategies, planting densities and shade tree species encountered in the literature included in 434 
this meta-analysis suggest that a global recommendation for shade levels or shade tree species 435 
would not be accurate. Rather, local and context-specific recommendations for cocoa 436 
agroforestry design and management considering socio-economic factors should be developed 437 
for the implementation of sustainable and feasible cocoa production systems. Knowledge gaps 438 
regarding, for instance, detailed species-specific information on shade trees need to be 439 
addressed. The role of different shade trees on soil nutrient dynamics, including competition 440 
and synergies for resources, needs to be elucidated. This needs to be context specific, 441 
considering different soil types and land-use histories. Finally, management strategies, pricing 442 
policies, cultural and social services, and livelihood aspects deserve further attention in future 443 
research. 444 
 445 
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